• Genetic correlations among different components of phenotypes, especially 25 resulting from pleiotropy, can constrain or facilitate trait evolution. These factors 26 could especially influence the evolution of traits that are functionally integrated, 27 such as those comprising the flower. Indeed, pleiotropy is proposed as a main 28 driver of repeated convergent trait transitions, including the evolution of 29 phenotypically-similar pollinator syndromes. 30
Summary 24
• Genetic correlations among different components of phenotypes, especially 25 resulting from pleiotropy, can constrain or facilitate trait evolution. These factors 26 could especially influence the evolution of traits that are functionally integrated, 27 such as those comprising the flower. Indeed, pleiotropy is proposed as a main 28 driver of repeated convergent trait transitions, including the evolution of 29 phenotypically-similar pollinator syndromes. 30
• We assessed the role of pleiotropy in the differentiation of floral and other 31
reproductive traits between two species-Jaltomata sinuosa and J. umbellata 32 (Solanaceae)-that have divergent suites of floral traits consistent with bee-and 33 hummingbird-pollination, respectively. To do so, we generated a hybrid 34 population and examined the genetic architecture (trait segregation and QTL 35 distribution) underlying 25 floral and fertility traits. 36
• We found that most floral traits had a relatively simple genetic basis (few, 37 predominantly additive, QTL of moderate to large effect), as well as little 38 evidence of antagonistic pleiotropy (few trait correlations and QTL co-39 localization, particularly between traits of different classes). However, we did 40 detect a potential case of adaptive pleiotropy among floral size and nectar traits. 41
• These mechanisms may have facilitated the rapid floral trait evolution observed 42
within Jaltomata, and may be a common component of rapid phenotypic change 43 more broadly. and other reproductive (specifically fertility) traits. We found evidence for a relatively 139 simple genetic basis underlying most of the examined traits, as well as positive 140 correlations and significant QTL co-localization among traits within each of three trait 141 classes (floral morphology, floral color, and fertility). Together, these features might 142 facilitate rapid changes in these traits. In comparison, we found few associations between 143 traits from different classes, and therefore little evidence for antagonistic pleiotropy 144 among these classes, which otherwise may have constrained trajectories of floral change. 145
One striking exception was an association between flower size and nectar traits that acts 146 in the direction exhibited by multiple species in the genus, suggesting that this could 147 instead be an instance of adaptive pleiotropy. 148
149

MATERIALS AND METHODS 150
Study system: Jaltomata (Schlechtendal; Solanaceae) is the sister genus to the 151 large and economically important Solanum (Olmstead et Here, we focused on a closely related species pair, J. sinuosa and J. umbellata, 158 that differ in a suite of floral traits that is representative of major floral suites found in 159 other species throughout the genus (Figure 1 ; Table S1 ). Jaltomata sinuosa has large 160 rotate flowers with purple petals and a small amount of concentrated nectar Statistical analyses on phenotypic data: Following Shapiro-Wilk tests to assess 222 normality assumptions, we transformed traits that showed a skewed distribution and/or 223 significantly non-normal residuals. In particular, we arcsine transformed proportional 224 traits (proportion of corolla fusion, fruit set, and proportion of viable pollen), and log-225 transformed inflorescence size, corolla fusion, petal length, style length, herkogamy, 226 nectar volume, all color attributes, and remaining fertility traits. Significant differences 227 between parental species for all traits were assessed by t-tests (Table 1) phenotypic correlations within the BC1 population were examined among all traits 231 (Table S3) , while relationships among a subset of focal traits are presented in the main 232 text (Figure 3) . Given significant correlations among many of the floral morphological 233 traits (Table S3) , we also used principal component analyses (PCAs) to create separate 234 composite metrics (i.e. Morph PC1-PC3; Table S4; Figure S2 ) as additional measures of 235 floral variation. Trait correlations, including PCs, are provided in Table S5 , and 236 distribution plots are provided in Figure S4 . using the scanone function, followed by permutations for genome-wide LOD significance 267 thresholds. Two dimensional scans (scantwo function) were used in the stepwise qtl 268 function to fit multiple QTL models. These models were used to identify: significant 269 QTL, their 1.5 LOD confidence intervals, their effect sizes (i.e. difference in phenotype 270 mean between homozygotes and heterozygotes), the total amount of phenotypic variance 271 explained by each QTL, the proportion of parental difference explained (relative 272 homozygous effect or RHE), interactions among QTL within traits (testing evidence for 273 epistasis), and potential contributions of covariates. QTL were considered to be co-274 localized if their 1.5 LOD intervals overlapped. Significant co-localization was assessed 275 by comparing overlap among identified QTL to overlap from 10000 randomly generated 276 distributions, for traits within each category (morphological, color/physiological, or 277 generate random distributions of QTL (by randomly re-distributing the identified QTL 279 among the 12 linkage groups), and the observed frequency of co-localization in each was 280 recorded for each randomization to generated count distributions, in R. All code used to 281 generate the linkage map, identify QTL, and assess QTL co-location, is available on 282 GitHub (https://github.com/gibsonMatt/jaltomataQTL). (Figure 3) , while corolla diameter was also significantly negatively 307 correlated with proportion of corolla fusion (i.e. shorter corolla tubes had wider limbs and 308 longer tubes had narrower limbs, r = -0.348, p = 8.68 x 10 -8 ). These relationships were 309 recovered with PCA on morphology traits, in which PC1-PC3 explained 76% of the 310 variance among BC1s (Table S4) . Based on trait loadings, PC1 corresponds to floral 311 width vs. depth, PC2 to overall floral size, and PC3 to relative reproductive organ 312 dimensions. Similarly, related fertility traits also remained strongly correlated, such as 313 fruit mass with seed set, and number of viable pollen grains with proportion of viable 314 pollen (Table S3) . closer to this species mean); at least one QTL with opposite effects was detected for 10 of 343 the 20 traits (and Morph PC1) ( Table 2; Table S6 ). Consistent with trait segregation 344 patterns observed in the BC1, significant interactions (epistasis) among QTL were 345 identified for only two traits: ovary diameter and nectar color 'a' ( Table 2; Table S6 ). 346 (Table 2; Table S6 ). Of these, 19 traits (and Morph PC1 and PC3) had at least 1 348 moderate effect QTL (defined as explaining 5-25% of the variance), and 1 trait (petal 349 color 'b') had a QTL with major effect (defined as >25% variance explained) ( Table 2 ; 350 Table S6 Table 2; Table S6 ). That is, for most of our traits, detected loci account 358 for the majority of parental phenotypic differences. In contrast, for four traits (corolla 359 diameter, proportion of corolla fusion, herkogamy, and inflorescence size) QTL 360 accounted for <20% of the parental difference, suggesting additional undetected loci 361 contribute to these traits. Finally, we estimated RHE >1 for 5 floral traits that also show 362 the most transgressive segregation among BC1s (nectar color 'b', petal color 'L', petal 363 length, corolla fusion, and Morph PC2) ( Table S6 ; Figures S3-5) . 364
Although every linkage group had at least one QTL, these were not distributed 365 uniformly across the genome, with notable clusters on LG1 and LG9 ( Figure 4; Table 2 ; 366
Tables S6+S8).
We also identified several instances of QTL co-localization within trait 367 categories, especially for morphology and fertility traits, which each had significantly 368 more cases of co-localization (1.5 LOD overlap) than expected by chance (133 observed 369 vs. upper bound of 115 expected overlaps, p = 6.9 x 10 -4 ; 8 observed vs. upper bound of 4 370 expected overlaps, p = 5.0 x 10 -6 , respectively) (Table S7; Figure S8 ). These instances of 371 co-localization included QTL for biologically-related traits for which we observed strong 372 correlations, such as those underlying petal length and corolla diameter on LG8 and 373
LG12, corolla depth and corolla fusion on LG7, LG9 and LG10, and fruit mass and seed 374 set on LG11 and LG12 (Tables S3+S8). In some cases, co-localized QTL share the same 375 or a very close peak marker (e.g. calyx diameter and inflorescence size on LG1, and petal 376 length, corolla fusion, and ovary diameter on LG12; Tables S6+S8), which suggests 377 pleiotropic effects, however we note that the large 1.5 LOD intervals of some QTL will 378 increase instances of incidental co-localization events. 379
In contrast, co-localization between different trait categories was never greater 380 than expected by chance (Table S7; Figure S8 ). This is consistent with mostly incidental 381 overlap between QTL for traits in different categories. Nonetheless, we did detect co-382 localization at the same or very close peak markers for three sets of biologically 383 interesting trait combinations: corolla diameter, proportion of corolla fusion, and petal 384 color 'L' on LG4; corolla fusion, corolla depth, and nectar color 'a' on LG7; and nectar 385 volume and nectar color 'b' on LG3 (Figure 4 ; Tables S6+S8). Not all of the traits 386 within each of these sets is significantly phenotypically correlated in the BC1 (Table S3) , 387 especially correlations involving nectar color 'a' and 'b', possibly because these nectar 388 color traits have additional QTL that are not shared with the corolla traits or nectar 389 volume. Nonetheless, the colocalized QTL still explain large fractions of the parental 390 difference for these traits: on LG7 the QTL colocalized with corolla fusion and depth 391 explains ~20% of the parental difference in nectar color 'a', while the potentially shared 392 of the parental difference in nectar volume ( Table 2; Table S6 ). Together, these provide 394 intriguing cases of potential adaptive pleiotropy, such that alleles at QTL may have 395 simultaneously acted to increase corolla tube depth and nectar darkness, and increase 396 nectar production and nectar darkness, respectively. 
Few genetic changes could underlie floral trait shifts 418
The relatively simple genetic architecture that we detect for most of our floral 419 traits might be one mechanism that has permitted rapid floral evolution within the genus. QTL, respectively, with at least 1 QTL per trait with moderate or large effects (i.e. 10 -433 33% PVE) ( Table 2; Table S6 ), similar to other systems that generally identify few loci 434 of large effect for petal color (e.g. Bradshaw et al., 1998; Wessinger et al., 2014) . 435
Perhaps unlike these cases, however, it is likely that loci controlling color differences in 436 Jaltomata are regulators of pigment quantity rather than presence/absence biosynthesis, 437 because both nectar and petal color show gradation in the BC1s rather than discrete color 438 (Table S6 ; Figures S3-5) . In addition, 457 our models only detected significant interactions among QTL for ovary diameter and 458 nectar color 'a' (Table S6) , consistent with a general lack of epistatic interactions for 459 floral traits. Therefore, while we may not have uncovered all epistatic interactions 460 contributing to our traits--because some QTL might be undetected in our study, and our 461 models did not assess between trait interactions--both QTL and overall segregation 462 patterns suggest that floral traits are primarily underpinned by additive rather than 463 epistatic effects. Table S3 , and for PC traits provided in Table S5 . Table S1 . Accession information for material used and generated in this study. 818 Table S2 . Trait measurements for all individuals phenotyped. 819 Table S3 . Correlations among all measured traits within BC1 individuals. 820 Table S4 . Principal component loadings for highly correlated traits. 821 Table S5 . Correlations among PC traits within BC1 individuals 822 Table S6 . Full QTL models for all examined traits. 823 Table S8 . Identified instances of QTL co-localization, based on overlapping 1.5 LOD 825 intervals. 826 
